An efficient synthetic approach to the core structure of the manzamine alkaloids is reported, particularly in relation to incorporating a one-carbon unit in ring B from which the aldehyde in ircinal A or the betacarboline unit in manzamine A could potentially be generated. The key steps involve a JohnsonÐClaisen rearrangement, enolate alkylation, dithiane alkylation and a stereoselective intramolecular dipolar cycloaddition of an azomethine ylide, which provided the desired tricyclic ABC core structure.
Introduction
The alkaloid manzamine A 1 ( Fig. 1 ) was first reported in 1986 and has a complex pentacyclic ABCDE structure. 1 This compound, and related alkaloids, 2 have attracted much attention due to their intricate structures and their reported biological activities. 3 Several syntheses of manzamine A 1 and ircinal 2 have been published to date. 4 In addition, several approaches to the synthesis of the core ring system, especially of the ABC ring system, are known. Our research group has reported the synthesis of the core ring system of manzamine A, 6 and several simpler analogues. 7 Our synthetic approach has focused on the formation of rings B and C of manzamine A by using an intramolecular dipolar cycloaddition reaction of an azomethine ylide. 8 The alcohol 3 9 was converted to the ester 4 by using a JohnsonÐClaisen rearrangement (Scheme 1). The ester 4 was converted in 5 steps to the aldehyde 8. Condensation with N-methyl glycine ethyl ester allowed in situ dipolar cycloaddition to give the tricyclic compound 9 as a single stereoisomer (stereochemistry verified by single crystal X-ray analysis). However, the aldehyde 8 was found to be a poor substrate for reaction with other secondary amines. Fortunately, the aldehyde 10 (Scheme 2) was amenable to reaction with a variety of secondary amines including N-allyl glycine ethyl ester, which gave the desired product 11 as the major diastereomer. Alternatively, reaction with the primary amine glycine ethyl ester gave the tricyclic product 12, presumably arising from the W-shaped, rather than S-shaped, azomethine ylide.
Scheme 1 Synthetic studies with aldehyde 8. 6a i, MeC(OEt)3, xylene, 2,4-dinitrophenol, heat, 63%; ii, LiAlH4, THF, 89%; iii, I2, Ph3P, imidazole, THF, 81%; iv, n-BuLi, THF, HMPA, ethyl 1,3-dithiane-2-carboxylate, -40 °C to r.t., 96%; v, LiAlH4, THF, 94%; vi, (COCl)2, DMSO, CH2Cl2, -60 °C then Et3N, 85%; vii, N-methyl glycine ethyl ester•HCl, i Pr2NEt, PhMe, 110 °C, 45%. 
Results and discussion
Several approaches for the synthesis of a suitable precursor compound, with an extra carbon atom in ring B were investigated. Ideally this one-carbon unit would be introduced as part of the sequence of steps for the preparation of the aldehyde used in the key intramolecular dipolar cycloaddition step. One approach studied was to alter the JohnsonÐClaisen rearrangement using the alcohol 3. Based on a literature method, 10 the alcohol 3 was heated with 3,3-diethoxyacrylic acid ethyl ester in toluene for just 90 min to give an almost quantitative yield of the diester 13 (Scheme 3). Reduction of the diester 13 gave the diol 14. Treatment of the diol 14 with acetic anhydride gave the monoester 15 (and 28% diester) as an inseparable mixture of diastereomers. Reaction of the diol 14 with sodium hydride and TBDPSCl or p-methoxybenzyl chloride gave the alcohols 16 or 17 respectively, but these also were a 1:1 inseparable mixture of diastereomers.
Scheme 3 Studies using diester 13. i, 3,3-diethoxyacrylic acid ethyl ester, 2,4-dinitrophenol, PhMe, 110 °C, 97%: ii, LiAlH4, THF, 64%; iii, Ac2O, pyridine, DMAP, CH2Cl2, 15 68%, or NaH, THF, TBDPSCl, 16 99%, or NaH, THF, PMBCl, 17 80%.
As a possible way to distinguish the hydroxymethyl groups, we treated the diol 14 with iodine to give the tetrahydrofuran 18 (Scheme 4). This did result in some preference for cyclization of one of the alcohols, although the selectivity was not high (dr 3:1 by 1 H NMR spectroscopy) and the diastereomers were inseparable by column chromatography. Protection of the alcohol gave compound 19, but these diastereomers were also inseparable. Despite this result, we treated compound 19 with zinc, which promoted ring opening to give the mixture (dr 3:1) of diastereomeric alcohols 17. Therefore this method is able to provide the desired compound 17 with some selectivity (by 1 H NMR spectroscopy the major isomer was 17a, see below), although this was insufficient for further studies.
Scheme 4 Studies using diol 14. i, iodine, NaHCO3, CH2Cl2, 0 °C, 75%: ii, NaH, THF, PMBCl, 17 60%; iii, Zn dust, NH4Cl, EtOH, 30 °C, 44%.
Two further methods to access a single diastereomer of alcohol 17 were investigated. Following precedent for asymmetric hydroxymethylation of aldehydes, 11 we treated the aldehyde 20 6b with proline and aqueous formaldehyde (Scheme 5).
However, this gave rise not to the desired α-hydroxymethyl aldehyde product but rather the alkene 21 resulting from elimination. Finally, we performed a simple deprotonation of the ester 4 with LDA followed by addition of formaldehyde (Scheme 5). This gave a mixture of the alcohols 22 and 23 which we were delighted to find were separable by careful column chromatography. Taking a mixture of these isomers through the subsequent chemistry described below gave diastereomeric products that in all cases were inseparable from each other, so it was important to separate alcohols 22 and 23 at this stage. To determine the relative stereochemistry, we took the less polar isomer (which turned out to be compound 23, see below) and treated it with p-bromobenzoyl chloride to obtain the ester 24 (Scheme 6). This compound was not crystalline, so the NBoc group was removed with acid and the crude amine product was protected as the sulfonamide 25. This compound was amenable to single crystal X-ray analysis, which showed the relative stereochemistry as depicted (Fig. 2 ).
Scheme 6 Determination of stereochemistry. i, p-BrC6H4COCl, Et3N, DMAP, CH2Cl2, r.t., 99%: ii, TFA, CH2Cl2, r.t., then TsCl, Et3N, CH2Cl2, r.t., 62%.
Figure 2
X-ray structure of 25. With both single diastereomers 22 and 23 in hand, we selected one of these for further study. The less polar isomer 23 was protected to give the ether 26 and reduction gave the alcohol 17a (Scheme 7). Conversion of the alcohol to the iodide 27 and displacement with the anion of ethyl 1,3-dithiane-2-carboxylate gave the ester 28. This was converted in three steps (reduction, transacetalisation, and oxidation) to the aldehyde 31. The key step in our synthetic route to the manzamine alkaloids involves an intramolecular dipolar cycloaddition with an aldehyde tethered to the 4-position of a 3-exomethylenepiperidine. We therefore heated aldehyde 31 with N-allyl glycine ethyl ester (Scheme 8). This gave the desired tricyclic product 32 as a single stereoisomer, but only in 20Ð30% yield. The yield did improve (to 38%) by using the hydrochloride salt of N-allyl glycine ethyl ester together with i Pr 2 NEt. Other conditions (such as using excess amine or higher temperature) did not improve the yield. In all cases the product isolated was the enol ether 32, in which the cycloadduct had lost methanol. It is not clear why this loses methanol in comparison with the formation of cycloadduct 11 but sterics may play a part. As an alternative, the aldehyde 31 was heated with glycine ethyl ester to give the tricyclic product 33. The stereochemistry of these cycloadducts is assumed to be as shown, based on related chemistry (see Scheme 2) . By using the same chemistry as shown in Scheme 7 with a 1:1 unseparated mixture of the diastereomers 22 and 23, resulted in a 1:1 inseparable mixture of the aldehyde 31 and its diastereomer. Heating this mixture of stereoisomers with Nallyl glycine ethyl ester gave the same product 32 in 18% yield as the only product that could be isolated. This indicates that the stereoisomer derived from the ester 22 does not undergo the desired intramolecular dipolar cycloaddition reaction. Analysis of the conformations of the stereoisomers of the azomethine ylides suggests that a favourable conformation exists from the stereoisomer 31 (Fig. 3) . The azomethine ylide derived from the other diastereomer of 31 would suffer from greater steric interactions. This may explain the preference for cycloaddition only from diastereomer 31.
Figure 3
Conformational analysis.
The successful synthesis of the tricyclic product 32 represents a stereoselective approach to the ABC core ring system of the manzamine alkaloids. One of the drawbacks of the chemistry discussed above is that a 1:1 mixture of the stereoisomers 22 and 23 is formed and only one of these is suitable for further elaboration. We have found that the undesired stereoisomer 22 can be converted to the desired compound 17a by the sequence of reactions shown in Scheme 9. Protection of the alcohol 22 with methoxymethyl chloride followed by reduction of the ester gave the alcohol 35 (Scheme 9). Protection of this alcohol as its PMB ether and removal of the MOM group selectively with mild acid gave the product 17a. Alternatively, it is possibly to simply treat the undesired isomer 22 with sodium ethoxide to promote epimerization. The resulting 1:1 mixture of esters (quantitative yield) can be separated by column chromatography.
Scheme 9
Inversion of the undesired stereoisomer. i, MOMCl, i Pr2NEt, CH2Cl2, 0 °C, 86%; ii, LiAlH4, THF, -5 °C, 87%; iii, PMBOC(=NH)CCl3, CSA, CH2Cl2, 80%; iv, HCl (2 M), i PrOH, 60 °C, 68%.
Conclusions
We have described a short and stereoselective route to prepare the ABC tricyclic ring system found in the manzamine alkaloids. This extends our previous work by demonstrating that a one-carbon unit can be located in ring B. This substituent could potentially be used to later generate the aldehyde functional group found in ircinal A and hence the betacarboline unit in manzamine A. Although a mixture of stereoisomers was formed when introducing this one-carbon unit, the undesired isomer can be isomerised. The key steps in the chemistry involve a JohnsonÐClaisen [3, 3] -sigmatropic rearrangement, a dithiane alkylation, and an azomethine ylide dipolar cycloaddition. The dipolar cycloaddition was successful with only one diastereomer of the starting material. The yield in this key step was not particularly high, but the chemistry is significant as it demonstrates the importance of the choice of stereochemistry in such intramolecular cycloadditions when used as part of a synthetic endeavour.
Experimental tert-Butoxycarbonyl-3-methylene-piperidin-4-yl-malonic acid diethyl ester 13
The alcohol 3 (10.0 g, 46.9 mmol), 3,3-diethoxyacrylic acid ethyl ester (17.65 g, 93.8 mmol) and 2,4-dinitrophenol (863 mg, 4.69 mmol) were heated in toluene (250 mL) at 110 ¡C. After 90 min, the solvent was evaporated and the residue was purified by column chromatography, eluting with petrolÐEtOAc 3.62 (1H, d, J 11), 3.53 (1H, ddd, J 13.5, 7.5, 4), 3.36Ð 3.29 (1H, m), 3.02 (1H, ddd, J 11, 7.5, 4), 1.75Ð1.67 (1H, m) , 1.54Ð1.46 (1H, m), 1.39 (9H, s), 1.22 (3H, t, J 7), 1.18 (3H, t, J 7); 13 C NMR (126 MHz, CDCl 3 ) δ =167. 9, 154.5, 142.7, 111.2, 79.6, 61.5, 61.4, 53.6, 49.3 (br), 41.9 (br), 40.8, 29.5, 28.3, 14.0 C NMR (100 MHz, CDCl 3 ) δ = 171.6, 171. 5, 154.7, 154.6, 143.8, 143.5, 111.9, 111.6, 79.7, 79.6, 63.6, 62.3, 61.5, 59.8, 40.8, 39.2, 39.0, 38.9, 38.7, 28.4, 28.3, 28.2, 20.9 
4-[1-(tert-Butyl-diphenyl-silanyloxymethyl)-2-hydroxyethyl]-3-methylene-piperidine-1-carboxylic acid tert-butyl ester 16
NaH (220 mg, 5.4 mmol, 60% dispersion in oil) was added to the diol 14 (1.39 g, 5.2 mmol) in THF (30 mL) at 0 ¡C. After 50 min, tert-butyldiphenylsilyl chloride (1.47 mL, 5.6 mmol) was added dropwise. After 1 h, saturated aqueous NaHCO 3 (20 mL) was added and the mixture was extracted with CH 2 Cl 2 (3 × 20 mL), dried (MgSO 4 ) and evaporated. Purification by column chromatography, eluting with petrolÐEtOAc (4:1), gave the alcohol 16 (2.59 g, 99%) as a mixture of diastereomers (1: 7, 143.8, 135.6, 132.9, 129.9, 127.8, 111.6, 79.5, 65.9, 64.2, 63.2, 49.0, 41.3, 40.8, 40.3, 38.9, 38.6, 28.4, 28.3, 26.9, 19 .4, 159.2, 154.7, 143.9, 129.8, 129.7, 129.2, 113.8, 111.4, 79.5, 73.2, 72.4, 70.5, 64.5, 63.5, 55.2, 49.5, 48.0, 40.9, 39.3, 38.9, 38.7, 38.5, 28.3, 28.2 Alternatively, compound 17a was prepared from 26 by the following method: LiAlH 4 (96 mg, 2.5 mmol) was added to the ester 26 (1.0 g, 2.3 mmol) in THF (20 mL) at Ð5 ¡C. After 40 min, EtOAc (10 mL) was added, followed by addition of Na 2 SO 4 until a while salt precipitated. The mixture was filtered through celite. The solvent was evaporated and the residue was purified by column chromatography, eluting with petrolÐEtOAc (1:1), to give the alcohol 17a (0.63 g, 69%) as an oil; data for single stereoisomer: 129. 8, 129.3, 113.9, 111.6, 79.6, 73.3, 72.6, 63.8, 55.3, 48.8 (br), 40.9, 38.7, 38.5, 28.5, 28.3 . Alternatively, compound 17a was prepared from 36 by the following method: Aqueous hydrochloric acid (0.07 mL, 2 M) was added to the ether 36 (1.0 g, 2.30 mmol) in dry isopropyl alcohol (10 mL) and the mixture was heated at 60 ¡C. After 7 h, the mixture was allowed to cool to room temperature and saturated aqueous NaHCO 3 solution (20 mL) was added. The mixture was extracted with Et 2 O (3 × 50 mL). The combined organic layers were washed with brine (10 mL), dried (MgSO 4 ) and evaporated. Purification by column chromatography, eluting with petrolÐEtOAc (1:1), gave the alcohol 17a (0.61 g, 68%) as an oil; data as above.
tert-Butyl 3-(Hydroxymethyl)-7a-(iodomethyl)-octahydrofuro[2,3-c]pyridine-6-carboxylate 18
Iodine (1.73 g, 6.83 mmol) in CH 2 Cl 2 (30 mL) was added to the diol 14 (1.76 g, 6.50 mmol) in saturated aqueous NaHCO 3 (20 mL) at 0 ¡C. After 2 h, aqueous Na 2 SO 3 (10 mL) was added dropwise. The aqueous layer was separated and was extracted with CH 2 Cl 2 (3 × 30 mL). The organic extracts were washed with water (20 mL) and brine (20 mL), dried (MgSO 4 ), evaporated and purified by column chromatography, eluting with EtOAc, to give iodide 18 (1.94 g, 75%) as mixture of diastereoisomers (3:1) 
tert-Butyl 7a-(Iodomethyl)-3-{[(4-methoxyphenyl)methoxy]methyl}-octahydrofuro[2,3-c]pyridine-6-carboxylate 19
Alcohol 18 (2.14 g, 5.40 mmol) in THF (10 mL) was added via cannula to sodium hydride (0.2 g, 8.6 mmol) in THF (20 mL). After 30 min, the mixture was cooled to 0 ¡C and 4Ð methoxybenzyl chloride (0.84 mL, 6.21 mmol) in THF (10 mL) was added. After 30 min the mixture was allowed to warm to room temperature. After 24 h, aqueous sodium chloride solution (20 mL) was added. The mixture was extracted with Et 2 O (3 × 20 mL), dried (MgSO 4 ), evaporated and purified by column chromatography, eluting with petrolÐEtOAc (9:1), to give the iodide 19 (2.6 g, 60%) as a mixture of diastereomers (3:1) C NMR (100 MHz, CDCl 3 , major diastereomer) δ = 159. 3, 154.7, 130.0, 129.2, 113.9, 80.5, 73.0, 71.0, 69.9, 69.5, 55.3, 47.3, 44.1, 42.1, 41.6, 28.4, 24.4, 14.4 193.4, 154.2, 150.0, 143.4, 135.6, 109.9, 79.4, 49.7 (br) 5, 154.6, 143.1, 111.1, 79.7, 61.0, 60.6, 48.1, 41.4, 40.0, 28.4, 28.3, 14 2, 154.6, 142.4, 112.5, 79.7, 62.4, 60.7, 48.8 (br) 7, 165.3, 154.6, 141.9, 131.7, 131.0, 128.6, 128.3, 113.1, 79.7, 65.1, 60.9, 48.0 (br), 44.7, 40.5, 39.9 (br) 
4-Bromobenzoic acid 2-Ethoxycarbonyl-2-[3-methylene-1-(toluene-4-sulfonyl)-piperidin-4-yl]-ethyl ester 25
TFA (0.65, 8.52 mmol) was added to the ester 24 (1.05 g, 2.13 mmol) in CH 2 Cl 2 (15 mL). After 16 h, further TFA (4.0 mL, 51.9 mmol) was added. After 2 h, saturated aqueous NaHCO 3 was added until the solution became basic and the mixture was extracted with CH 2 Cl 2 (4 × 20 mL). The organic layers were combined, dried (MgSO 4 ) and evaporated to give the secondary amine as an oil. To this, in CH 2 Cl 2 (10 mL) with Et 3 N (0.33 mL, 2.34 mmol) at room temperature, was added tosyl chloride (446 mg, 2.34 mmol). After 19 h, water (20 mL) was added and the mixture was extracted with EtOAc (3 × 15 mL), washed with saturated aqueous NaHCO 3 (50 mL) and brine (50 mL), dried (MgSO 4 ) and evaporated. Purification by column chromatography, eluting with petrolÐEtOAc (4:1), followed by recrystallisation from EtOAc, gave the ester 25 (729 mg, 62% over 2 3, 165.2, 143.7, 139.8, 133.2, 131.8, 131.0, 129.8, 128.4, 127.7, 114.8, 64.7, 61.1, 50.3, 44.5, 42.7, 39.8, 28.9, 21.5, 14.2 54.65; H, 4.91; N, 2.40; Br, 14.62; S, 5.88, C 25 H 28 BrNO 6 S requires C, 54.55; H, 5.13; N, 2.54; Br, 14.52; S, 5. , T = 150 K, P21/n, Z = 4].
tert-Butyl 4-{1-Hydroxy-3-[(4-methoxyphenyl)methoxy]propan-2-yl}-3-methylidenepiperidine-1-carboxylate 26 p-Methoxybenzyl alcohol (5.57 mL, 20 mmol) was added to a suspension of NaH (0.62 g, 20 mmol) in Et 2 O (15 mL) at room temperature. After 30 min, the mixture was cooled to 0 ¡C and Cl 3 CCN (4.30 mL, 20 mmol) was added. The mixture was allowed to warm to room temperature. After 4 h, the solvent was evaporated. Petrol (30 mL) and MeOH (0.5 mL) were added, the mixture was filtered through celite and the solvent was evaporated to give the crude trichloroacetimidate. To this was added CH 2 Cl 2 (35 mL), the alcohol 23 (3.1 g, 10 mmol) and CSA (0.3 g, 1.0 mmol) at room temperature. After 18 h, the saturated aqueous NaHCO 3 (15 mL) was added and the mixture was extracted with Et 2 O (3 × 30 mL). The organic layers were washed with water and purified by column chromatography on silica, eluting with petrolÐEtOAc (9:1), to give the ester 26 C NMR (100 MHz, CDCl 3 , some peaks could not be observed) δ = 159. 3, 154.8, 144.0, 129.9, 129.3, 113.9, 111.6, 79.6, 73.3, 72.5, 65.8, 63.7, 55.3, 38.8, 38.6, 28.4, 28.3, 15.3 7.27 (2H, d, J 8.5), 6.90 (2H, d, J 8.5), 4.99 (1H, m), 4.81 (1H, s), 4.44 (2H, s), 3.97 (1H, d, J 14), 3.83 (3H, s), 3.82Ð3.76 (1H, m), 3.67 (1H, dd, J 10, 2.5), 3.52Ð3.47 (2H, m), 3.41Ð3.31 (2H, m), 3.22 (1H, dd, J 10, 5.5) 2, 154.7, 143.5, 130.3, 129.3, 113.8, 111.9, 79.7, 73.0, 70.6, 55.3, 42.0, 40.8 (br), 37.8, 28.4, 27.7, 10.4 1, 159.1, 154.8, 144.0, 130.6, 129.2, 113.6, 111.7, 79.4, 72.6, 70.7, 69.5, 62.0, 55.3, 53.8, 42.3, 41.3 (br), 37.0, 34.4, 28.5, 28.2, 27.3, 24.4 2, 154.8, 144.4, 130.2, 129.4, 113.7, 111.8, 79.4, 72.8, 72.0, 63.4, 55.3, 54.7, 43.8, 37.2, 33.7, 28.5, 26.0, 25.9, 24.8 
tert-Butyl 4-{5-Hydroxy-4,4-dimethoxy-1-[(4-methoxyphenyl)methoxy]pentan-2-yl}-3-methylidenepiperidine-1-carboxylate 30
The alcohol 29 (1.15 g, 2.20 mmol) in THF (10 mL) was added to AgNO 3 (1.70 g, 5. 17 mmol), 2,4,6-collidine (2.33 mL, 17.6 mmol) and N-chlorosuccinimide (1.15 g, 8.80 mmol) in THF (20 mL) and MeOH (30 mL) at 0 ¡C. After 1 h, saturated aqueous Na 2 CO 3 (15 mL) and brine (15 mL) were added and the mixture was filtered through celite, washed with CH 2 Cl 2 , dried (MgSO 4 ), evaporated and purified by column chromatography, eluting with petrolÐEtOAc (6:4), to give alcohol 30 (0.52 g, 49%) as an oil; R f 0.64 (petrolÐEtOAc, 1:1); υ max (neat)/cm Ð1 3450, 2970, 2930, 2860, 1690, 1610, 160.0, 154.8, 143.4, 129.6, 129.3, 113.8, 111.5, 102.4, 79.5, 73.1, 71.9, 70.3, 58.6, 54.3, 48.3, 48.1, 43.9, 32.7, 31.9, 31.5, 28.4 (1.5 mL) was added. After 10 min, Et 3 N (0.52 mL, 3.73 mmol) was added and the mixture was allowed to warm to room temperature. After 1 h, CH 2 Cl 2 (5 mL) and water (5 mL) were added and the mixture was filtered through celite, washed with CH 2 Cl 2 (3 × 10 mL), dried (MgSO 4 ), evaporated and purified by column chromatography, eluting with petrolÐEtOAc (7:3), to give aldehyde 31 (0.32 g, 80%) as an oil; R f 0.79 (petrolÐ EtOAc 1:1); υ max (neat)/cm Ð1 2975, 2930, 2860, 2835, 1745, 1690, 1645, 1610, 1585; 1 H NMR (400 MHz, CDCl 3 ) δ = 9.33 (1H, s), 7.24 (2H, d, J 8), 6.88 (2H, d, J 8) 198.7, 160.4, 154.6, 143.3, 129.6, 129.3, 113.9, 111.2, 102.2, 79.4, 72.8, 71.3, 55.5, 54.3, 49.7, 49.6, 43.6, 41.3, 32.7, 30.5, 28.5, 27.8 
